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(57) ABSTRACT 

An apparatus includes an optical Waveguide and an optical 
?lter positioned to receive light from the optical Waveguide. 
The optical Waveguide includes a sequence of alternating 
?rst and second stripes. The sequence runs along a propa 
gation direction in the optical Waveguide. The ?rst and 

(21) App1_ No; 10/259,051 second stripes are formed of different polarization states of 
a group III-nitride semiconductor. The optical ?lter rernoves 

(22) Filed; Sep. 27, 2002 light of a preselected frequency. 
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OPTICAL FREQUENCY-CONVERTERS BASED ON 
GROUP III-NITRIDES 

BACKGROUND 

[0001] 1. Field of the Invention 

[0002] The invention relates generally to non-linear opti 
cal devices, and more particularly, to optical frequency 
converters. 

[0003] 2. Discussion of the Related Art 

[0004] Herein, optical frequency-conversion refers to a 
process that directly converts light of one frequency into 
light of another frequency Without intermediate conversion 
of the light into electrical signals. Materials With large cross 
sections for certain nonlinear optical processes are able to 
produce optical frequency-conversion. Lithium niobate has 
large cross sections for such processes and thus, has been 
used to construct optical frequency-converters. 

[0005] Unfortunately, lithium niobate also has properties 
that are not desirable in optical frequency-converters. In 
particular, standard lithium niobate has iron as an impurity. 
Due to the iron impurities, the intense illumination needed 
for frequency-conversion causes a photorefractive effect that 
can spatially modulate the refractive indeX of lithium nio 
bate. The refractive indeX of lithium niobate Will be spatially 
modulated during optical frequency-conversion unless spe 
cial precautions are taken. Such uncontrolled spatial refrac 
tive indeX modulations Would interfere With the quasi-phase 
matching required for optical frequency-conversion. To 
avoid the iron-induced refractive indeX modulations, special 
precautions are taken to maintain lithium niobate at a high 
temperature during optical frequency-conversion. 

[0006] It is desirable to have optical frequency-converters 
that ef?ciently generate light Without the need for special 
precautions during operation. 

SUMMARY 

[0007] Various embodiments provide optical devices in 
Which group III-nitride semiconductors (III-Nitrides) pro 
vide the nonlinear optical media for optical frequency 
conversion. The III-Nitrides do not suffer from the iron 
induced refractive indeX modulation of lithium niobate. For 
that reason, unlike lithium niobate, the optical frequency 
converters based on III-Nitrides do not have to be main 
tained at a high temperature during optical frequency 
conversion. 

[0008] The III-Nitrides have Weaker optical nonlinearities 
than other semiconductors that have been used in optical 
frequency-converters, e.g., gallium arsenide (GaAs). Even 
though the Weaker optical nonlinearities make optical fre 
quency-conversion less ef?cient, the III-Nitrides have other 
desirable properties. In particular, HI-Nitrides have larger 
bandgaps than GaAs. The larger bandgaps make the III 
Nitrides transparent in the visible and/or ultraviolet spectral 
ranges. For that reason, optical frequency-converters based 
on III-Nitrides can produce light in a spectral range Where 
GaAs optical frequency-converters do not function. 

[0009] In a ?rst aspect, the invention features an appara 
tus. The apparatus includes an optical Waveguide and an 
optical ?lter positioned to receive light from the optical 
Waveguide. The optical Waveguide includes a sequence of 
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alternating ?rst and second stripes. The sequence runs along 
a propagation direction in the optical Waveguide. The ?rst 
and second stripes are formed of different polariZation states 
of a group III-nitride semiconductor. The optical ?lter 
removes light of a preselected frequency. 

[0010] In a second aspect, the invention features a light 
source that includes a laser and an optical Waveguide. The 
laser is con?gured to emit a light beam having a preselected 
frequency. The optical Waveguide is coupled to receive the 
light beam. The optical Waveguide includes a group HII 
nitride semiconductor With an intrinsic polariZation that is 
periodically modulated along a propagation direction in the 
optical Waveguide. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a top vieW of an optical frequency 
converter that uses the nonlinear optical properties of a 
group III-nitride semiconductor (III-Nitride); 

[0012] FIG. 2 is a side vieW of the optical frequency 
converter of FIG. 1; 

[0013] FIG. 3 illustrates hoW the intensity of generated 
second harmonic light varies With distance in a homoge 
neous nonlinear optical Waveguide; 

[0014] FIG. 4 illustrates hoW the intensity of frequency 
converted light varies With distance in an embodiment of the 
optical Waveguide of FIGS. 1 and 2 in Which the intrinsic 
polariZation’s modulation period is 2L0; 

[0015] FIG. 5, illustrates hoW the intensity of frequency 
converted light varies With distance in an embodiment of the 
optical Waveguide of FIGS. 1 and 2 in Which the intrinsic 
polariZation’s modulation period is 6L0; 

[0016] FIG. 6 is a block diagram for a nonlinear optical 
source that generates harmonic light; 

[0017] FIG. 7 is a block diagram for a nonlinear optical 
source that generates parametric light; 

[0018] FIG. 8 is a block diagram for another nonlinear 
optical source that generates parametric light; 

[0019] FIG. 9 is a How chart for a method of making the 
nonlinear optical light source of FIG. 6; and 

[0020] FIG. 10 is a side vieW of an alternate optical 
frequency-converter that uses the nonlinear optical proper 
ties of a non-strained layer of group III-Nitride. 

[0021] In Figures and teXt like reference numbers refer to 
similar elements. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0022] Gallium arsenide (GaAs) has a large cross section 
for the nonlinear optical processes that cause optical fre 
quency-conversion. GaAs frequency-converters have pro 
vided sources of second harmonic light for the infrared 
portion of the spectrum. Unfortunately, GaAs frequency 
converters do not generate strong visible or ultraviolet 
sources, because GaAs strongly absorbs in both portions of 
the spectrum. 

[0023] To obtain neW strong visible and ultraviolet light 
sources, the inventors decided to look for other nonlinear 
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materials. A desirable property for such nonlinear optical 
materials is the presence of a large second-order nonlinear 
susceptibility, because the rate of optical frequency-conver 
sion groWs as the square of the second-order nonlinear 
susceptibility. A larger second-order nonlinear susceptibility 
also reduces the amount of nonlinear optical material needed 
for optical frequency converter thereby simplifying con 
struction. 

[0024] Among nonlinear optical materials, III-Nitrides 
have relatively Weaker second-order nonlinear susceptibili 
ties. For example, the second-order nonlinear susceptibility 
of GaN has a d33 component of only 15-16 pm/volt Whereas 
the secondorder nonlinear susceptibility of GaAs has a d14 
component of about 90 pm/volt, i.e., about 6 times larger. 
Since optical frequency-conversion rates are proportional to 
the value of the second-order nonlinear susceptibility, GaN 
offers loWer rates of optical frequency-conversion than 
GaAs. The larger second-order nonlinear susceptibility is a 
reason for preferring GaAs for use in optical frequency 
conversion. 

[0025] While the smaller second-order nonlinear suscep 
tibility of GaN is discouraging, the inventors discovered that 
III-Nitrides can provide other important advantages. First, 
III-Nitrides like GaN do not suffer from a photorefractive 
effect. Thus, a GaN optical frequency-converter Would not 
require heating during optical frequency-conversion. Sec 
ond, group-III-nitride semiconductors have Wider bandgaps 
than GaAs. For example, the bandgaps of the III-Nitrides: 
gallium nitride (GaN) and aluminum nitride (AIN) are: 
about 3.42 electron volts (eV) and about 6.2 eV, respectively. 
In contrast, the bandgap of GaAs is only 1.42 eV. The larger 
bandgaps imply that III-Nitrides are potentially able to 
provide optical frequency-conversion and thus, neW optical 
sources in the visible and ultraviolet portions of the spec 
trum. 

[0026] FIGS. 1 and 2 shoW a portion of an optical 
frequency-converter 8 based on a III-Nitride. The optical 
frequency-converter 8 includes a planar crystalline groWth 
substrate 10, a striped groWth initiation layer 12, and an 
optical Waveguide With an optical core layer 14, and an 
optical cladding layer 16. The optical Waveguide has either 
a planar or a ridged structure. The optical core layer 14 
includes a sequence of alternating stripes 18 and 20 of 
respective Widths D and W. The stripes 18 and 20 are formed 
of crystalline III-Nitride With opposite intrinsic polariZa 
tions. The stripes 18 and 20 produce a polariZation modu 
lation along a propagation direction “X” in the planar optical 
core 14. The polariZation modulation period is P, Which is 
equal to W+D. During fabrication, the crystalline groWth 
substrate 10 and striped groWth initiation layer 12 cause the 
groWing stripes of III-Nitride to have opposite intrinsic 
polariZations. 

[0027] In operation, the optical core and cladding layers 
14, 16, receive an incoming optical signal 22 With a prede 
termined frequency at end face 23 and generate an outgoing 
optical signal 24 at end face 25. The outgoing optical signal 
24 includes an optical component having a converted fre 
quency. Nonlinear optical processes in the III-Nitride of the 
optical core layer 14 generate the optical component With 
the converted frequency. In the optical core layer 14, the 
opposite polariZations of the stripes 18 and 20 produce 
quasi-phase matching conditions so that the amplitude of the 
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converted frequency component groWs linearly With propa 
gation distance along the direction “X” (see beloW). 

[0028] In an exemplary optical frequency-converter 8, the 
crystalline groWth substrate 10 is, e.g., sapphire, the striped 
groWth initiation layer 12 is epitaxially groWn aluminum 
nitride (AIN), and the optical core layer 14 is epitaxially 
groWn gallium nitride (GaN). The exemplary striped groWth 
initiation layer 12 is formed from a sequence of parallel AIN 
stripes Whose Widths and inter-stripe separations are about 
equal to D and W, respectively. The optical core layer 14 
includes an alternating sequence of crystalline G-polar GaN 
stripes 18 and crystalline N-polar GaN stripes 20. The 
G-polar and N-polar GaN stripes 18, 20 have relatively 
inverted intrinsic polariZations. The G-polar GaN stripes 18 
have Widths of D, and the N-polar GaN stripes 20 have 
Widths of W. Preferably the Widths of the G-polar and 
N-polar stripes 18, 20 are equal, i.e., W=D, Which corre 
sponds to a 50% duty cycle. Other embodiments cover other 
values of the duty cycle. The G-polar and N-polar GaN 
stripes 18, 20 rest on the AIN stripes 12 and the sapphire 
substrate 10, respectively. The individual GaN stripes 18, 20 
extend perpendicular to the propagation direction “X” in the 
planar optical core layer 14. The G-polar and N-polar GaN 
stripes 18, 20 have heights of the order of the Wavelength of 
incoming light beam 22. Exemplary heights are in a range of 
about 0.5 microns to about 10 microns. 

[0029] The polariZation inversions betWeen the III-Nitride 
stripes 18 and 20 of optical core layer 14 affect the produc 
tion of frequency-converted light. The polariZation inver 
sions produce relative phase shifts of n betWeen frequency 
converted light generated in the stripes 18 and the stripes 20. 
These relative phase shifts enable quasi-phase matching of 
light from different portions of the optical core layer 14 as 
described beloW. 

[0030] FIG. 3 illustrates hoW the intensity of second 
harmonic light varies With propagation distance, Z, in a 
homogeneous nonlinear optical Waveguide. The nonlinear 
optical Waveguide generates coherent second harmonic light 
if the incoming light is coherent. For that reason, the second 
harmonic light generated at point Z=A Will propagate 
through the nonlinear optical medium and interfere With the 
second harmonic light generated later at another point Z=B. 
Due to dispersion in the medium, the phases of second 
harmonic light from different portions of the nonlinear 
optical Waveguide Will not automatically be equal. In fact, 
the interference of such light produces a periodically varying 
intensity along the propagation direction “Z”. Thus, destruc 
tive interference due to dispersion keeps the maximum 
intensity, M, of second harmonic light and of other types of 
frequency-converted light loW, i.e., too loW for the efficient 
generation of frequency-converted light. 

[0031] In a homogeneous nonlinear optical medium, the 
period of the variation in the intensity of frequency-con 
verted light is 2L0. Lc is knoWn as the coherence length. Lc 
is the distance betWeen adjacent minima and maxima on the 
intensity curve for such light. The value of Lc depends on the 
one or more frequencies of incoming light, the dispersion of 
the medium, and the process for producing the frequency 
converted light. 

[0032] FIG. 4 illustrates hoW polariZation modulation 
changes the intensity of frequency-converted light in one 
embodiment of the optical Waveguide core layer 14 of 
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FIGS. 1 and 2. Here, the III-Nitride stripes 18 and 20 
periodically ?ip the intrinsic nonlinear polarization betWeen 
the values —P and +P. This implies that the second-order 
nonlinear susceptibility has reversed signs in the stripes 18 
and the stripes 20. The polariZation inversions betWeen 
adjacent III-Nitride stripes 18, 20 introduce a relative phase 
shift of it betWeen frequency-converted light generated in 
adjacent polariZed III-Nitride stripes 18 and 20. This addi 
tional relative phase shift compensates for the dispersion 
induced phase difference betWeen light generated in the 
polariZed III-Nitride stripes 18 and 20. Due to the compen 
sation, frequency-converted light from adjacent polariZed 
111-Nitride stripes 18 and 20 interferes constructively rather 
than destructively. Thus, the amplitude for frequency-con 
verted light groWs approximately linearly along the propa 
gation direction, i.e., approximately linearly With the num 
ber of stripes. The intensity of such light groWs 
approximately quadratically in “Z” as shoWn in curve E. 

[0033] For optimal generation of frequency-converted 
light, i.e., intensity groWing quadratically With the number 
of polariZed stripes, the polariZation modulation period must 
be equal to an integer “q” times Lc Where q=2+4r for “r” a 
non-negative integer. In FIG. 4, the medium has a polar 
iZation modulation period of 2L0, and the intensity of 
frequency-converted light groWs quadratically With the 
number of stripes. In FIG. 5, the medium is formed of an 
alternating sequence of stripes of Width 3L6. In this case, the 
polariZation modulation period is 6L6. As curve F of FIG. 5 
shoWs, the 6Lc polariZation modulation period also produces 
an intensity that groWs quadratically With the number of 
polariZed stripes. The value of the intensity is hoWever, 
smaller When the polariZation modulation period is 6Lc than 
When the polariZation modulation period is 2L6. 

[0034] When the polariZation modulation period is not 
eXactly (2+4r)Lc With r a nonnegative integer, the modula 
tion does not completely compensate dispersion-induced 
relative phases. Instead, a residual relative phase groWs With 
the number of modulation periods thereby producing 
destructive interference betWeen frequency-converted light 
generated in Widely separated polariZed stripes. This 
destructive interference Will Wash out the frequency-con 
verted light if a optical frequency-converter With such an 
error in modulation period has too long a sequence of 
polariZed stripes. To avoid Washout, high precision fabrica 
tion is required in frequency-converters With many stripes. 
Thus, making a III-nitride frequency-converter is more 
dif?cult than making a GaAs frequency-converter, because 
the III-nitride frequency converter needs more stripes to 
generate the same amount of frequency-converted light. 

[0035] FIGS. 6-8 shoW nonlinear optical sources 30, 40, 
50 that exploit III-Nitrides to produce second harmonic and 
parametric light. 

[0036] FIG. 6 shoWs a nonlinear optical source 30 for 
generating second harmonic light. The source 30 includes a 
laser 32, a second harmonic generator 34, and an optical 
?lter 36. The laser 32 produces incoming beam 22 in Which 
light has a preselected frequency W. The second harmonic 
generator 34 is a speci?c embodiment of the optical fre 
quency-converter 8 of FIGS. 1 and 2 in Which Widths D and 
W of the polariZed III-Nitride stripes 18 and 20 are adapted 
to generate light at the second harmonic frequency 2W. 
Preferred values for W and D are. W=D=Lc) h Where LC) h is 
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the coherence length for generating second harmonic light. 
The optical ?lter 36 removes light of frequency W to produce 
an output light beam 38 having only the second harmonic 
frequency 2W. 

[0037] For second harmonic generator, the coherence 
length is de?ned by: LC) h=J1§C/[2W[I1(2W)—I1(W)]. Here, C is 
the speed of light in free space, and n(W) and n(2W) are the 
refractive indeXes of the polariZed III-Nitride stripes 18, 20, 
shoWn in FIGS. 1-2, at the incoming frequency W and 
second harmonic frequency 2W, respectively. 

[0038] FIG. 7 shoWs a nonlinear optical source 40 for 
generating parametric light at a summed frequency. The 
source 40 includes ?rst and second lasers 42, 42‘, an optical 
beam combiner 43, a parametric light generator 44, and an 
optical ?lter 46. The ?rst and second lasers 42, 42‘ produce 
incoming light beams 45, 45‘ of respective preselected 
frequencies W1 and W2. The parametric light generator 44 is 
a speci?c embodiment of the optical frequency-converter 8 
of FIGS. 1 and 2 in Which the Widths W and D of the 
III-Nitride stripes 18, 20 are adapted to coherently produce 
parametric light at the summed frequency W1+W2. Exem 
plary values for the Widths are: W=D=Lc) p+ Where LC) p+ is 
the coherence length for generating parametric light at a 
summed frequency. The optical ?lter 46 ?lters out light at 
the incoming frequencies W1 and W2 so that output light 
beam 48 has substantially only parametric light at the 
frequency W1+W2. 

[0039] The coherence length for generating parametric 
light at a summed frequency is de?ned by, LC) p+=T|§C/[([W1+ 
W2]I1(W1+W2)—W1I1(W)—W2I1(W2))]. Here, I1(W1), I1(W2), and 
I1(W1+W2) are the refractive indeXes of the polariZed III 
Nitride stripes 18, 20 at the frequencies of the light beam 45, 
the light beam 45‘, and of the summed frequency of the 
parametric light. 

[0040] FIG. 8 shoWs a nonlinear optical source 50 for 
generating parametric light at a difference frequency. The 
source 50 includes the ?rst and second lasers 42, 42‘, an 
optical beam combiner 43, a parametric light generator 54, 
and an optical ?lter 46. The lasers 42, 42‘, optical beam 
combiner 43‘, optical ?lter 46 Were already described With 
respect to the nonlinear optical source 40 of FIG. 8. The 
parametric light generator 54 is a speci?c embodiment of the 
optical frequency-converter 8 of FIGS. 1 and 2 in Which the 
Widths W and D of the III-Nitride stripes 18, 20 are adapted 
to produce parametric light at the difference frequency 
W1—W2. Exemplary values for the Widths are: W=D=Lc) p_ 
Where LC) p_ is the coherence length for generating paramet 
ric light at a difference frequency. The coherent source 50 
produces an output beam 58 of parametric light having 
substantially only the frequency W1—W2. 

[0041] The coherence length for generating parametric 
light at a difference frequency is de?ned by, LC) p_=rcC/ 
[(lwl_W2|n(W1_W2)_|W1n(W1)_W2n(W2)|)]' Here> n(W1)> 
I1(W2), and I1(W1+W2) are the refractive indeXes of the 
polariZed III-Nitride stripes 18, 20 at the frequencies of the 
?rst incoming light beam 45, the second incoming light 
beam 45‘, and the difference frequency of the parametric 
light. 

[0042] For bulk samples, coherence lengths for generating 
second harmonic light, parametric light at a summed fre 
quency, and parametric light at a difference frequency are 
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- , bulk bulk bulk - 

viriliten as. Lbc)11ft , LC) p+ b, 1aind LC) p_ , respectively. LC) 
h u , Lc p+ “ , and Lc p_ u can be evaluated from the 

above ‘equations for Le) h, LC) PH, and LC) p_ 1f ‘the stripe 
refractive indexes are replaced by the corresponding refrac 
tive indexes for bulk III-Nitride samples. 

[0043] In the frequency-converter 8 of FIGS. 1 and 2, the 
stripes 18, 20 are III-nitrides ?lms Whose thicknesses normal 
to substrate 10 preferably produce single mode operation 
and enable ef?cient end coupling to the core layer 14. 
Exemplary preferred thicknesses are betWeen about 0.5 and 
10 microns for Wavelengths in the 0.5 pm to 1.5 pm 
range. Such thin III-nitride ?lms have refractive indexes 
With non-bulk values if the ?lms are groWn on non-lattice 
matched substrates such as sapphire. Refractive indexes 
have bulk values in much thicker ?lms, e.g., 200-300 pm or 
thicker ?lms for GaN. The inventors have shoWn that n(W) 
is not equal to nb“1k(W) for the GaN stripes 18, 20 With 
heights of about 2 pm by spectroscopic ellipsometry mea 
surements. The difference betWeen the bulk and stripe 
refractive indexes imply that: Le) h#Lc) hbulk, LC) P+#LC) p+b“1k, 
and LC) pjLc) p_b“1k in embodiments of the frequency 
converter 8 that use thin ?lms of GaN in the stripes 18, 20. 

[0044] As already discussed, the polariZation modulation 
period, P, preferably is very nearly equal to L0 times a 
selected integer q=2+4r. In GaN embodiments of the GaN 
frequency-converter 8, the difference betWeen stripe and 
bulk coherence lengths further implies that: |P—qLc h|<|P— 
qLc, hbu1k|> |P_qLc, p+|<|P_qLc, p+bu1k> and |P_qLc, p—|<]P_qLc, 
p—bu1k|. For a thin core layer 14, e.g., thinner than 10 pm, the 
frequency doubled by the frequency-converter 8 is expected 
to differ by several percent from the frequency doubled as 
predicted from the values of bulk refractive indexes, the 
measured coherence length, and the above equations for Le) 
hbulk. For thin III-Nitride layers, the Lc’s and corresponding 
Lcbulk’s have such different values that P more preferably 
satis?es |P—qLc|<0.5.|P—qLcb“1k| for the corresponding Lc 
and Lcbulk. 

[0045] The inequality of stripe and bulk refractive indexes 
is believed to result from lattice-strain in the thin III-nitride 
layers that are groWn on a lattice mismatched groWth 
substrate. The relatively high lattice-strain probably, in part, 
results from the relative thinness of the optical core layer 14 
as compared to the nonlinear optical layer used in prior art 
optical frequency-generators. 

[0046] FIG. 9 illustrates a method 60 for making nonlin 
ear optical light source 30 of FIG. 6. The method 60 
includes fabricating a GaN embodiment of optical second 
harmonic generator 34 (step 62) and then, assembling the 
nonlinear optical light source 30 from the second harmonic 
generator 34 (steps 64, 66). 

[0047] The fabrication step includes preparing a sapphire 
groWth substrate (sub-step 62a), forming a striped groWth 
initiation layer 12 (sub-step 62b), epitaxially groWing a GaN 
layer(sub-step 62c), and ?nishing the GaN layer to produce 
an embodiment of the second harmonic optical generator 32, 
Which includes a polariZation modulated GaN Waveguide 
(sub-step 62a) 
[0048] Preparing the groWth substrate includes cleaning a 
smooth (0001) surface of a crystalline sapphire substrate 
(sub-step 62a). The cleaning includes Washing the surface 
for 1 minute in an aqueous cleaning solution. Mixing a ?rst 
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aqueous solution having about 96 Weight % HZSO4 With a 
second aqueous solution having about 30 Weight % H2O2 
forms the aqueous cleaning solution. During the mixing, 
about 10 volume parts of the ?rst solution are combined With 
one volume part of the second solution. The cleaning also 
includes rinsing the Washed surface With de-ioniZed Water 
and then spin-drying the sapphire substrate. 

[0049] Preparing the groWth substrate also includes degas 
sing the sapphire substrate in the buffer chamber of a 
molecular beam epitaxy (MBE) system at about 200° C. The 
degassing continues until the chamber pressure is beloW 
about 5><10_9 Torr. After the degassing, the sapphire sub 
strate is transferred to the groWth chamber of the MBE 
system. 

[0050] Forming the striped groWth initiation layer 12 
includes performing an MBE groWth of an AIN layer on the 
sapphire substrate (sub-step 62b). To perform the MBE 
groWth, the temperature of the groWth chamber is raised at 
a rate of about 8° C. per minute to a ?nal temperature of 
about 700° C.-730° C. Then, the MBE system groWs the AlN 
layer to a thickness sufficient to cover portions of the 
sapphire surface, e.g., a thickness of 20 nanometers (nm) to 
30 nm. In the model 32P Molecular Beam Epitaxy system 
made by Riber Corporation of 133 boulevard National, 
Boite Postale 231, 92503 Rueil Malmaison France, the 
groWth conditions are: Al effusion cell temperature of about 
1050° C., nitrogen ?oW rate of about 2 sccm, and RF poWer 
of about 500 Watts 

[0051] Forming the striped groWth initiation layer 12 
includes performing an MBE groWth of about 50 nm of GaN 
on the already groWn AIN layer to prevent oxidation of the 
AIN upon subsequent removal from the MBE groWth cham 
ber. GroWth conditions for the GaN layer are similar to those 
for the MBE groWth of the AlN layer except that the 
temperature is raised in the Ga effusion cell rather than in the 
Al effusion cell. During this groWth, the Ga effusion cell has 
a temperature of about 1000° C. to about 1020° C. 

[0052] After cooling the sapphire substrate to about 200° 
C., the GaN and AIN layers are patterned to form a sequence 
of GaN topped AlN stripes 12 With period P. The patterning 
includes forming a photoresist mask With a sequence of 
stripes on the GaN layer and then, performing a conven 
tional chlorine-based plasma etch to remove the unprotected 
portions of the GaN and AIN layers. Exemplary conditions 
for the plasma etch are: RF source poWer of about 300-500 
Watts, source bias of —100 to —200 volts, chlorine-argon ?oW 
rate of about 10-25 sccm (20% to 50% of the How being 
argon), and a gas pressure of about 1 millitorr to about 10 
millitorr. The plasma etch produces a sequence of parallel 
and equally spaced GaN topped AlN stripes. The GaN 
topped AIN stripes form a sequence on the surface of the 
sapphire substrate. The polariZation modulation of the 
sequence of GaN topped AIN stripes 12 has the periodicity 
of the III-Nitride stripes 18, 20 in the speci?c frequency 
converter 8 being constructed. 

[0053] After the plasma etch, the sapphire substrate With 
GaN topped AIN stripes is cleaned in an aqueous solution of 
HCl, rinsed in de-ioniZed Water, and spun dry. This aqueous 
cleaning solution includes betWeen about 36.5 Weight % 
HCl and about 48 Weight % HCl. Then, the above-described 
steps are again used to reintroduce the sapphire substrate 
into the MBE system. 
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[0054] EpitaXially growing a III-Nitride layer includes 
performing an MBE growth of GaN to produce a layer With 
a thickness of between about 0.5 pl to about 10;! (sub-step 
step 62c). During the MBE groWth, the system conditions, 
are: Ga effusion cell temperature of about 1000° C. to about 
1020° C., nitrogen ?oW rate of about 2 sccm, and RF poWer 
of about 500 Watts During this groWth, the GaN topped 
AIN stripes initiate groWth of G-polar GaN, and eXposed 
portions of the sapphire substrate 10 initiate groWth of 
N-polar GaN. The striped groWth initiation layer 12 causes 
groWth of an alternating sequence of G-polar and N-polar 
GaN stripes, i.e., of alternating intrinsic polariZation. 

[0055] The epitaXially groWn structure is ?nished by con 
ventional methods, e.g., polishing, to produce either a planar 
GaN optical Waveguide or a ridged GaN optical Waveguide. 
In either case, the GaN stripes 18, 20 produce an intrinsic 
polariZation modulation of period P (sub-step 62d). This 
completes fabrication of the optical second-harmonic gen 
erator 34 of FIG. 6. 

[0056] The assembly of the nonlinear optical light source 
30 includes coupling a laser 32 to an input end face 23 of the 
planar GaN optical Waveguide (step 68). The laser 32 is 
con?gured to produce a preselected frequency that generates 
second harmonic light With a bulk coherence length, LcBulk, 
in bulk homogeneous GaN. P is preselected to not be an 
integer times LcBulk. 
[0057] The assembly of the nonlinear optical light source 
30 also includes coupling an optical ?lter 36 to receive light 
from an output end face 25 of the planar GaN optical 
Waveguide (step 70). The optical ?lter 36 con?gured to 
remove light of the preselected frequency produced by the 
laser 32. 

[0058] FIG. 10 shoWs another optical frequency converter 
8‘ based on a group III-Nitride. The optical frequency 
converter 8‘ includes a planar crystalline groWth substrate 
10, a striped groWth initiation layer 12, a planar or ridged 
optical Waveguide core layer 14, an optical cladding layer 
16, and a thick layer 19. 

[0059] During operation, the optical core 14 receives an 
incoming optical signal 22 With a predetermined frequency 
at end face 23 and generates an outgoing optical signal 24 
having a converted frequency at end face 25. The frequency 
conversion results from nonlinear optical processes in the 
III-Nitride of the optical core layer 14. 

[0060] In both the optical core and thick layers 14, 19, a 
sequence of stripes (18, 20) and (18‘, 20‘) of crystalline 
III-Nitride modulate the intrinsic polariZation. The stripes 
18, 20 are laterally aligned over the stripes 18‘, 20‘. The 
stripes 18, 20 have alternating polariZations and thus, cause 
quasi-phase modulation of light propagating in the optical 
core layer 14. The stripes 18‘, 20‘ have heights “H,” that are 
large enough to relaX lattice-strain in the III-Nitride. The 
lattice strain results primarily from epitaXially groWing the 
III-Nitride stripes 18‘, 20‘ on the groWth substrate 10, Which 
has unmatching lattice constants. 

[0061] The thick layer 19 serves both to relaX lattice strain 
and to optically clad the optical core layer 14. The thick 
layer 19 relaXes lattice strain, because the layer 19 is much 
thicker than the optical core layer, e.g., 10 or more times 
thicker. The optical cladding function results, because the 
thick layer 19 has a loWer refractive indeX than the optical 
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core layer 14. Due to the thick layer 19, the optical core layer 
14 functions as an optical Waveguide Whose refractive indeX 
corresponds to that of bulk samples of the III-Nitride therein. 

[0062] In an exemplary optical frequency-converter 8‘, the 
groWth substrate 10 is sapphire, the groWth initiation layer 
12 is epitaXially groWn AlN, and the thick and cladding 
layers 19, 16 are epitaXially groWn AlGaN. The optical core 
layer 14 is either epitaXially groWn GaN or epitaXially 
groWn AlGaN in Which the percentage of aluminum is loWer 
than that in the AlGaN of the layers 19, 16. For this reason, 
the optical core layer 14 has a higher refractive indeX than 
the cladding or thick layers 16, 19. 

[0063] The optical core layer 14 has a height of about 0.5 
to 10 times the free-space Wavelength of light being fre 
quency converted, e.g., 0.5 pm to 10 pm, so that signi?cant 
amounts of the light can be end coupled into the optical core 
layer 14. In contrast, the thick layer 19 is, at least, 10 times 
higher so that lattice strain created by groWth on the lattice 
unmatched groWth substrate 10 signi?cantly relaXes therein. 
Exemplary thick layers 19 have a height “H” of 10 pm-20 
pm or more and preferably have a height “H” of 50 pm or 
more. 

[0064] In the layers 19, 14, the stripes 18 and 18‘ are 
crystalline G-polar GaN and AlGaN, respectively, and the 
stripes 20 and 20‘ are crystalline N-polar AlGaN and AlGaN, 
respectively. The G-polar stripes 18, 18‘ and the N-polar 
stripes 20, 20‘ preferably have the same Width D‘. D‘ is equal 
to the bulk coherence length in the core layer’s III-Nitride 
for the optical conversion process produced therein. 

[0065] In various embodiments, the optical frequency 
converter 8‘ functions as the nonlinear light generators 34, 
44, and 54 shoWn in FIGS. 7-9. To function as nonlinear 
light generators 34, 44, and 54, the Width D‘ of the stripes 18 
and 20 in the optical frequency-converter 8‘ preferably 
satis?es: D=Lc) hbulk, D=Lc) p+b“1k, and D=Lc) p_b“1k, respec 
tively. Here, the coherence lengths LC) hbulk, LC) p+b“1k, and 
L bulk are appropriate for the frequencies of lasers 32, 42, 
4i‘f’Wh1Ch are used in the nonlinear light sources 30, 40, and 
50 of FIGS. 7-9. 

[0066] From the disclosure, draWings, and claims, other 
embodiments of the invention Will be apparent to those 
skilled in the art. 

What is claimed is: 
1. A light source, comprising: 

a laser con?gured to emit a light beam having a prese 
lected frequency; and 

an optical Waveguide coupled to receive the light beam 
and comprising a group III-nitride semiconductor With 
an intrinsic polariZation that is periodically modulated 
along a propagation direction in the Waveguide. 

2. The light source of claim 1, Wherein the optical 
Waveguide comprises a sequence of alternating G-polar and 
N-polar GaN stripes. 

3. The light source of claim 1, Wherein the intrinsic 
polariZation’s modulation period is P; and |P—2Lc) h|<|P—2Lc) 
hbulkl, LC) h and LC) hbulk being coherence lengths for second 
harmonic light generated by light of the preselected fre 
quency in the Waveguide and in a bulk sample of the 
semiconductor, respectively. 
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4. The light source of claim 1, wherein twice the selected 
frequency is frequency for ultraviolet light. 

5. The light source of claim 1, further comprising: 

a second laser con?gured to emit light at another prese 
lected frequency; and 

Wherein the intrinsic polariZation’s modulation period is 
P; and |P—2LC|<|P—2Lcb“1k|, Lc and LCbulk being the 
coherence lengths for parametric light that is generated 
by light of the tWo preselected frequencies in the 
Waveguide and in a bulk sample of the semiconductor, 
respectively. 

6. The light source of claim 1, Wherein the sequence 
includes at least 1,000 of the stripes. 

7. The light source of claim 1, further comprising: 

a crystalline substrate; and 

a layer of a second group III-nitride semiconductor dis 
posed betWeen the substrate and both the ?rst and 
second stripes. 

8. The light of claim 7, Wherein the Waveguide has an 
optical core layer and the layer of the second group III 
nitride is ?ve or more times thicker than the optical core 
layer. 

9. An apparatus, comprising: 

an optical Waveguide; and 

an optical ?lter positioned to receive light from the optical 
Waveguide and con?gured to ?lter out light of a pre 
selected frequency; and 

Wherein the optical Waveguide comprises a sequence of 
alternating ?rst and second stripes, the sequence run 
ning along a propagation direction in the optical 
Waveguide, the ?rst and second stripes comprising a 
group III-nitride semiconductor in opposite polariZa 
tion states. 

10. The apparatus of claim 9, Wherein the ?rst and second 
stripes are respectively G-polar GaN and N-polar GaN. 

11. The apparatus of claim 9, Wherein the ?rst and second 
stripes have the same Width. 

12. The apparatus of claim 9, Wherein the sequence 
includes at least 1,000 of the stripes. 
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13. The apparatus of claim 9, further comprising: 

a crystalline substrate; and 

a layer of a second group III-nitride semiconductor dis 
posed betWeen the substrate and both the ?rst and 
second stripes. 

14. The apparatus of claim 13, Wherein the Waveguide has 
an optical core layer and the layer of the second group 
m-nitride is ?ve or more times thicker than the optical core 
layer. 

15. The apparatus of claim 9, further comprising a laser 
con?gured to transmit light of the preselected frequency to 
the Waveguide. 

16. The apparatus of claim 15, Wherein the sequence of 
?rst and second stripes produces a polariZation modulation 
With period P; and Wherein |P—2Lc) h|<|P—2Lc) hb“1k|, LC) h and 
LC) hbulk being coherence lengths for second harmonic light 
that is generated by light of the preselected frequency in the 
stripes and in a bulk sample of the semiconductor, respec 
tively. 

17. A method of fabricating a nonlinear optical source, 
comprising: 

providing an optical second harmonic generator having 
Waveguide With a nonlinear optical medium Whose 
intrinsic polariZation has a periodic modulation; and 

coupling a laser that transmits light of a preselected 
frequency to the Waveguide, the preselected frequency 
capable of generating second harmonic light With a 
bulk coherence length in a homogenous bulk sample of 
the nonlinear optical medium, the period of the intrinsic 
polariZation modulation being different from an even 
integer times the bulk coherence length. 

18. The method of claim 17, further comprising coupling 
a ?lter that attenuates the preselected frequency to an output 
of the Waveguide. 

19. The method of claim 17, Wherein the medium is a 
III-Nitride. 

20. The method of claim 17, Wherein the medium is 
gallium nitride. 


